Introduction
When a crystal is subjected to stress, its elastic structural response is controlled by the interplay of various interatomic forces. The balance between these forces can have significant effects on polymorphism. Hydrogen bonding within crystal structures can, for instance, affect phase transitions induced by increased pressure and temperature (Friedrich et al. 2002; Liu et al. 2003) , changing the transition conditions from those occurring in anhydrous isomorphs. While most hydrous minerals do not persist in the Earth's interior to great depths, measurable amounts of water can be incorporated into nominally anhydrous mineral structures as structural defects. Significant attention has been recently devoted to the role of hydrogen bonds in dense aluminum silicates and nominally anhydrous dense silicates synthesized at hydrothermal conditions, in the context of possible water storage in the Earth's mantle. Previous experiments have shown that (Mg,Fe) 2 SiO 4 polymorphs derived from olivine can incorporate significant amounts of water within their structures, up to several weight percent (Jacobsen 2006) . Added water (as − OH) acts as a structural defect, requiring local charge balance by cation vacancies, or incorporation by crystallographic shearing mechanisms (Mitra 2004; Jacobsen 2006) . The inclusion of water has measurable effects on the rheologic and seismic properties of these minerals, although many of these effects are subtle, and not yet well constrained experimentally. Notably, the presence of 1 percent H 2 O by weight within ringwoodite at ambient conditions has an effect on the shear modulus comparable to Abstract Three isotypic crystals, SiO 2 (α-cristobalite), ε-Zn(OH) 2 (wülfingite), and Be(OH) 2 (β-behoite), with topologically identical frameworks of corner-connected tetrahedra, undergo displacive compression-driven phase transitions at similar pressures (1.5-2.0 GPa), but each transition is characterized by a different mechanism resulting in different structural modifications. In this study, we report the crystal structure of the high-pressure γ-phase of beryllium hydroxide and compare it with the high-pressure structures of the other two minerals. In Be(OH) 2 , the transition from the ambient β-behoite phase with the orthorhombic space group P2 1 2 1 2 1 and ambient unit cell parameters a = 4.5403(4) Å, b = 4.6253(5) Å, c = 7.0599(7) Å, to the high-pressure orthorhombic γ-polymorph with space group Fdd2 and unit cell parameters (at 5.3(1) GPa) a = 5.738(2) Å, b = 6.260(3) Å, c = 7.200(4) Å takes place between 1.7 and 3.6 GPa. This transition is essentially second order, is accompanied by a negligible volume discontinuity, and exhibits both displacive and reversible character. The mechanism of the phase transition results in a change to the hydrogen bond connectivities and rotation of the BeO 4 tetrahedra.
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a temperature increase of 800-1000 °C in anhydrous ringwoodite (Jacobsen 2006) . However, many of the physical and thermochemical properties of hydrated mantle minerals have still not been determined. This knowledge is necessary to improve estimates of seismic wave velocities within the mantle, in particular, the seismic anomalies at the 410 and 660 km mantle discontinuities (Jacobsen 2006) .
The variable nature of water incorporation in nominally anhydrous mantle minerals contributes to the difficulty in determining accurate structural and thermoelastic parameters. For instance, synthetic olivines may reach 0.6-0.8 % water by weight at 12-14 GPa and 1200 °C, but natural olivines contain comparably little water (Jacobsen 2006) . It is theorized that the olivine dehydrates upon ascent and pressure release, but the exact structural mechanism of this dehydration is not well understood (Jacobsen 2006) . The presence of hydrogen in mineral structures often leads to hydrogen bond-specific discontinuities in compressional behavior, related to hydrogen hopping or hydrogen bond symmetrization. Examples of this behavior include the ice VII-X phase transition in H 2 O (Goncharov et al. 1996; Lin et al. 2005; Marques et al. 2009 ) and hydrogen bond symmetrization in phase D (Tsuchiya et al. 2005; Hushur et al. 2011) .
Silica polymorphs are of additional importance as nominally anhydrous mantle minerals, given the prevalence of SiO 2 within the Earth's crust and mantle. A variety of SiO 2 polymorphs exist based on different arrangements of SiO 4 tetrahedra and SiO 6 octahedra, depending on pressure and temperature conditions. Pressures below about 9 GPa favor SiO 4 -tetrahedra, leading to the formation of lower density phases, including quartz, cristobalite, tridymite, and coesite. At higher pressures, SiO 6 octahedra become energetically preferable, promoting denser structures including stishovite, a CaCl 2 -structured phase, and seifertite (Haines et al. 2001; Lakshtanov et al. 2007 ). These silica polymorphs have many corresponding homeotypes in other compounds. For instance, α-quartz shares the same trigonal structure with GeO 2 and AlPO 4 (Haines et al. 2001; Haines and Cambon 2004) . The homeotypes usually undergo similar structural transitions as a function of pressure and temperature, and can be used to model the behavior of SiO 2 with consideration of different chemical properties, namely bond lengths and cation sizes (Haines and Cambon 2004) .
While SiO 2 mineral phases are nominally anhydrous, a significant amount of water (above one weight percent) can be incorporated within the structure of stishovite (Spektor et al. 2011) . Such substitution was demonstrated to affect physical properties, e.g., electrical conductivities (Yoshino et al. 2013) , as well as phase transition pressures (Lakshtanov et al. 2007 ). Among the tetrahedral SiO 2 phases, coesite has been reported with appreciable water content (Koch-Müller et al. 2003) , and the level of hydration has been demonstrated to affect the conditions of formation of coesite from glass (Zhang et al. 2009 ), as well as the coesite-quartz phase transformation (Koch-Müller et al. 2003; Lathe et al. 2005; Zhang et al. 2009 ).
With such low water content, the effects of hydration are usually subtle, and difficult to reliably constrain. In these cases, structurally related and fully hydrated compounds, if available, can be used to model the effects of water incorporation and the presence of hydrogen bonding in nominally anhydrous compounds. In order to reliably assess the exact role that hydrogen bonding plays in controlling the physical properties and phase relations, a comparative reference system is useful, involving both anhydrous and completely hydrated minerals. The α-cristobalite phase of SiO 2 forms a structurally isotypic family with two metal hydroxides, behoite (Be(OH) 2 ) and wülfingite (Zn(OH) 2 ) (Miletich 2006; Kusaba and Kikegawa 2008; Dera et al. 2011) . The majority of the hydroxides of divalent metals are based on octahedrally coordinated cations in a layered arrangement (e.g., brucite-Mg(OH) 2 ; portlandite-Ca(OH) 2 ; Sr(OH) 2 ; Ba(OH) 2 ) (Lutz et al. 1998a ). These compounds commonly crystallize with hexagonal symmetry, with a CdI 2 -like structure (Friedrich et al. 2002; Kusaba and Kikegawa 2008) . Two metal hydroxides of interest in this study, Be(OH) 2 and Zn(OH) 2 , possess the same stoichiometry as other divalent metal hydroxides, but exhibit threedimensional tetrahedral framework structures topologically equivalent to cristobalite, with hydroxyl groups replacing the bridging O atoms. The symmetry of these hydroxide phases, assuming space group P2 1 2 1 2 1 , is related to but distinct from α-cristobalite's P4 1 2 1 2 space group due to framework distortion due to the presence of O-H···O hydrogen bonds (Stahl et al. 1998 ). The tetrahedral framework arrangements in α-cristobalite-SiO 2 , β-Be(OH) 2 , and wülfingite-Zn(OH) 2 are compared with each other in Fig. 1 . These three minerals constitute the basis of the structurally isotypic reference system. Beryllium hydroxide, the primary compound of focus in this study, is currently known to metastably exhibit four phases at ambient conditions: an amorphous gel, a metastable α-phase, an orthorhombic β-phase, and a monoclinic phase often observed with the β-phase (Brown and Ekberg 2016) . During synthesis, alkali addition to a beryllium salt solution produces a gelatinous beryllium hydroxide (Bear and Turnbull 1965) . Upon dehydration, this amorphous product transforms to the metastable tetragonal crystalline polymorph (α), which eventually transforms into the stable orthorhombic crystalline β-polymorph, found naturally as the mineral behoite. The fourth phase is a monoclinic polymorph found naturally with the β-phase, known as clinobehoite (Nadezhina et al. 1989) . When heated to 770 K, behoite incompletely dehydrates, incongruently forming H 2 O and a primarily anhydrous BeO crystal structure with defects of OH groups coordinated within (Pletnev et al. 2005) . In the present study, a natural single crystal of β-behoite was used in a series of single-crystal X-ray diffraction experiments aimed at solving the structure of the high-pressure phase and elucidating its relation to highpressure polymorphs of Zn(OH) 2 and α-cristobalite.
Materials and methods
All behoite samples used in this study are from Mont St. Hilaire, Quebec, Canada, and are in the collection of the RRUFF project (deposition No. R060659). The sample appears as tan-colored reticulated groups. The crystals were examined under three distinct experimental conditions. At the University of Arizona, the structure was characterized in air, and within a diamond anvil cell, from atmospheric pressure to 1.70(5) GPa. Another two-diamond anvil cell experiments were conducted at Argonne National Laboratory's Advanced Photon Source, at the 13ID-D and 13BM-D beamlines of the GeoSoilEnviro-CARS facility.
Ambient X-ray diffraction
To properly characterize the starting natural samples used in the experiments, an equant, euhedral crystal, approximately 0.10 × 0.08 × 0.05 mm, was selected and mounted on a Bruker X8 APEX2 CCD X-ray diffractometer equipped with a graphite-monochromatized MoKα source (denoted as experiment UA1). X-ray diffraction data were collected to 2θ ≤ 80° with frame widths of 0.5° in ω and 90 s counting time per frame. Cell refinement and data reduction were completed using the SAINT program, with structure determination and refinement through SHELX97 (Sheldrick 2008) . The O atom site locations were found using structure-invariant direct methods, while Be and H site locations were found using difference Fourier maps. In the structure refinement, the atomic displacement parameters (ADPs) for Be and O atoms have been refined anisotropically, whereas ADPs for H atoms were treated as independent isotropic parameters. Summary of the data collection, crystallographic data, and refinement statistics is given in Table 1 . Unit cell parameters, fractional atomic coordinates, and atomic displacement parameters, as well as selected bond lengths and angles of all atoms are listed in Tables 2, 3 , 5, 6, and 7. Symmetry operations are defined in Table 4 . Hydrogen bond geometry parameters at each pressure are given in Tables 8 and 9 . The data obtained from the ambient pressure experiment are in very good agreement with the earlier combined powder/single-crystal study of Stahl et al. (1998) . Because the high-pressure data sets contained a much smaller number of unique observations (a consequence of the geometrical restrictions imposed by the diamond anvil cell), we limited the number of refined parameters for these sets. Only Be was refined with anisotropic ADPs, with O atoms treated with isotropic approximation, and H atom ADPs were constrained to 120 % of the value of corresponding hydroxyl oxygen. The ambient pressure data set served as a test whether such treatment could bias the refined model. The refinement results for the ambient, UA1 data set are reported with both of the abovedescribed approaches, and were found to be fully consistent with each other. For each pressure step, the polyhedral volume, tetrahedral angle variance, and mean tetrahedral quadratic elongation were determined using the XtalDraw program (Downs and Hall-Wallace 2003) . XtalDraw does not calculate estimated standard deviations, and these values are not reported here. 
High-pressure X-ray diffraction
The crystal from UA1 was loaded into a four-post diamond anvil cell with a 15:4:1 methanol/ethanol/water pressure medium. Pressure in the cell was determined by the fluorescence spectra of included ruby chips (Mao et al. 1986 ). Single-crystal intensities were collected on a Picker fourcircle diffractometer equipped with MoKα radiation. All accessible data from a sphere of reciprocal space with 0° ≤ 2θ ≤ 60° were collected using scans of 1° width, in step increments of 0.025°, and 3 s per step counting time. Two standard reflections (−101) and (−112) were measured every 6 h; no significant variations in the intensities of the standard reflections were observed. Unit cell parameters were measured at 0.50(5), 1.00(5), and 1.70(5) GPa, and a full crystal structure determination was carried out at 1.7(1) GPa, just below the transition pressure.
Additional smaller crystals from the same sample were prepared for synchrotron high-pressure experiments at the APS. Experiments were conducted at the insertion device station 13ID-D and bending magnet 13BM-D station of the GSECARS facility. For use at both stations, a behoite crystal with dimensions of approximately 0.01 × 0.015 × 0.005 mm was loaded into a symmetric Princeton-type piston-cylinder diamond anvil cell. Diamond anvils with culets of 0.300 mm were mounted on asymmetric backing plates: a backing plate of cubic boron nitride was placed toward the X-ray source, while a backing plate of tungsten carbide was placed toward the detector. A rhenium gasket with initial thickness of 0.250 mm, pre-indented to 0.031 mm, was used for sample containment. For experiments conducted at the GSECARS facility, neon was used as the pressure medium. As with the previous experiment, pressure in the cell was determined by the fluorescence spectra of ruby spheres included in the cell, which was measured at each pressure point both before and after the X-ray data collection (Mao et al. 1986) . A monochromatic beam with incident energy of 37 keV was focused with a pair of Kirkpatrick-Baez mirrors to a spot of 0.003 × 0.005 mm at 13ID-D and 0.005 × 0.015 at 13BM-D. Diffraction images were collected using a MAR165 charge-coupled device (CCD) detector, placed at a sample-to-detector distance of approximately 200 mm. At the 13ID-D station, the sample cell was rotated about the vertical axis of the instrument, from −25° to 25°, with an exposure time of 25 s for this range.
Step scans, with rotation increments of 1°, were also performed at each step in pressure. At the 13BM-D station, step scans were performed with rotations of 10 s per degree. Data collection was performed following the same procedure as previously described by Dera (2007) and Dera et al. (2011) .
At the 13ID-D station, single-crystal X-ray diffraction data were collected at four pressures: 7.9(1), 10.6(1), 8.6(1), and 5.3(1) GPa, with the last two points collected on decompression. The β-γ phase transition was clearly visible in the single-crystal diffraction patterns, as shown in Fig. 2 , and took place between 0.3(1) and 7.7(1) GPa based upon the resulting diffraction patterns. The diffraction images were analyzed using the ATREX IDL software package (Dera 2007; Dera et al. 2013 ). Full structure determination was carried out only with the data collected at 5.3(1) GPa. The remaining pressure points, including data from the 13BM-D station up to 30.1(1) GPa, were used for unit cell parameter determination. At 5.3(1) GPa, the data were collected at three orientations of the diamond cell, differing by rotation about the cell axis (χ-rotation) by 120°. Integrated peak intensities were fit using the GSE_ADA program, and corrected for DAC absorption, Lorenz and polarization effects (Dera 2007) . Because of the high incident energy, negligible sample thickness, and low absorption coefficient, the absorption effects of the sample and diamond anvils were ignored. Peaks from exposures at the three different detector positions were scaled and merged together. The structure of the high-pressure polymorph at 5.3(1) GPa (IDD5) was solved by means of the ab initio simulated annealing approach, as implemented in the software Endeavour (Brandenburg and Putz 2009 ). The structure model was then refined using the SHELXL program. Additional graphical structure representations were acquired with the Olex 2 structure solution and refinement graphical interface (Dolomanov et al. 2009 ). Equation of state and linear compressibility parameters was obtained by fitting the high-pressure unit cell parameters and volume, using BMD1 data, with a third-order Birch-Murnaghan equation of state (Hazen and Downs 2000) . The low-pressure data points, UA1 through UA4, were not sufficient to constrain either a second or third-order equation of state.
Results

Structural evolution
The single-crystal refinement of the natural β-behoite sample at ambient conditions yielded a unit cell of a = 4.5403(4) Å, b = 4.6253(5) Å, c = 7.0599(7) Å, with space group P2 1 2 1 2 1 , which is in agreement with the unit cell (in a different setting) of Stahl et al. (1998) . The structure is characterized by a three-dimensional tetrahedral framework of corner-sharing Be(OH) 4 tetrahedra. At low pressures, there are two unique hydroxyl groups, which is consistent Table 2 Unit cell parameters as a function of pressure Behoite (0-1.74(5) GPa) has space group P2 1 2 1 2 1 . The high-pressure polymorph (3.6(1)-30.1(1) GPa) has space group Fdd2. Values noted with "*" have been transformed to the low-pressure monoclinic setting with the findings of (Lutz et al. 1998b) , who observed four Raman active libration modes (two for each independent hydroxyl group) for β-Be(OH) 2 . The polyhedral volume at ambient conditions is 2.400 Å 3 , the tetrahedral angle variance is 5.5431°, and the mean tetrahedral quadratic elongation is 1.0014 Å. At ambient conditions (UA1), two distinct hydrogen bonds exist between O1-H1_$1···O2_$1 and O2-H2···O1_$2, where the $1 and $2 symmetry operations are defined in Table 4 . The donor-acceptor distance and donor-host-acceptor triad are 2.861(2) Å and 148(3)° for O1-H1_$1···O2_$1, and 2.909(2) Å and 159(3)° for O2-H2···O1_$2. Our terminology for naming the geometric parameters of hydrogen bond follows the convention described by Gilli and Gilli (2009) . The average length of these hydrogen bonds (H1···O2 and H2···O1_$2) is approximately 2.07(4) Å. At ambient conditions, the length of the hydroxyl bonds for O1-H1_$1 and O2-H2 was found to be 0.88(3) and 0.90(3) Å, approximately equal to previously calculated bond lengths (Lutz et al. 1998a ). X-ray-based methods are well known to underestimate the bond lengths involving hydrogen due to the asymmetric distribution of electron density (Grabowski 2006) . In order to assure that this bond length stays within physically reasonable limits, in all high-pressure refinements we used an anti-bumping constraint (DFIX command in SHELX97), restraining the O-H bonding distances to remain within 0.95 ± 0.05 Å limits. To demonstrate that this approach does not negatively affect refinement, the ambient data is presented both with and without this additional restraint (Table 3) . Interestingly, the crystal structure determinations at elevated pressures, but below the transition point (experiments UA2, UA3, UA4), indicate a slight rearrangement of the hydrogen bonding pattern, without a change in space group. At ambient pressure, the H2 hydrogen atom (with the symmetry code H2_$4) has a well-defined single donor (O2) and acceptor (O1_$2). The two next nearest neighboring O atoms, O1_$3 and O1, are located 2.53(3) and 2.67(3) Å away, much farther than the typical hydrogen bonding distance, at very acute O-H···O angles of 79(2) and 87(2) degrees, as shown in Fig. 3 . At 0.53(5) GPa, this arrangement is maintained. Both the hydrogen bond H···O distances, as well as the contacts to the next neighbor O atoms, remain unchanged within the experimental uncertainties. However, at 1.03(5) GPa, the hydrogen position is significantly shifted toward O1_$3. At this pressure, the H2···O1_$3 distance is reduced to 2.4(1) Å, while the original H-bond stretches as H2···O1_$2 increases to 2.13(8) Å. This trend toward hydrogen bond bifurcation continues at 1.74(5) GPa, where the H···O distances become 2.22 (7) and 2.32(7) Å, and the corresponding angles 116(6) and 106(5) degrees, respectively, as illustrated in Fig. 3 . At this point, the H1 hydrogen bond length, 2.03(6) Å, with an O-H···O angle of 137(4) degrees, differs only slightly from its ambient value. The Be(OH) 4 tetrahedron remains rigid, with a polyhedral volume at this pressure of 2.2122 Å 3 . The mean quadratic elongation for the BeO 4 tetrahedra is 1.0015 Å, and the tetrahedral angle variance is 6.1329°, similar to ambient parameters. Within the BeO 4 tetrahedra at 1.74(5) GPa, the average Be-O bond distance is 1.626(6) Å, very similar to ambient conditions (Stahl et al. 1998 ). The average Be-O-Be bond angle is 126.2(6)° which is also very close to established ambient values. At 1.05(4) GPa, the comparable Si-O-Si bond angle in α-cristobalite is 140.4(4)° (Downs and Palmer 1994) . The bond angles between the BeO 4 tetrahedra at this pressure are more similar to the ambient Zn-O-Zn bond angle in ε-wülfingite, which is approximately 120°. Upon further compression, maintaining the stretched and bifurcated H2 bond becomes difficult and the bond breaks, accompanying the transformation to the γ-phase. At 5.3(1) GPa, the γ-phase of Be(OH) 2 has an orthorhombic structure with space group Fdd2, and unit cell parameters a = 5.738(2) Å, b = 6.260(3) Å, c = 7.200(4) Å, V = 258.7(2) Å 3 and Z = 8. At this pressure, the polyhedral volume is 2.1321 Å 3 , the mean tetrahedral quadratic elongation is 1.0057 Å, and the tetrahedral angle variance is 22.3761°. The average Be-O bond distance has shortened with respect to the lower-pressure phase, and the BeO 4 tetrahedra contain two pairs of distinct Be-O bonds, with lengths of 1.604(7) and 1.620(6) Å. This results in an averaged bond length of approximately 1.612(6) Å, which is shorter than both the corresponding ambient and 1.74(5) GPa values, although the change in the internal tetrahedral angles indicates distortion in the shape of the BeO 4 tetrahedra. The Be-O-Be bond angles have also decreased to 119.4(2)°. The rotation and collapse of the voids within the tetrahedral framework can be seen in Fig. 4 . With the change of symmetry, there is now only one distinct hydroxyl group environment, as seen in Fig. 5 . The O···H bond length becomes 2.11(6) Å, and the O-H bond length has decreased, with respect to β-behoite, to 0.86(5) Å. The hydrogen bonding donor-host-acceptor triad for this phase has become 152(8)°.
In comparison, for the tetragonal phase of Zn(OH) 2 at 1.4 GPa, the average Zn-O bond in Zn(OH) 2 decreases from 1.954(4) to 1.91(3) Å, with two distinct pairs of Zn-O bonds of 1.932 and 1.886 Å in each tetrahedra (Kusaba et al. 2007) . This is approximately a 3 % decrease in bond length upon compression, whereas the average Be-O bond length in Be(OH) 2 at 5.3(1) GPa is less than 2 % shorter than its ambient length. In this regard, the ZnO 4 tetrahedra are slightly more compressible than the BeO 4 tetrahedra. Hydrogen bonding positions and distortion for the high-pressure tetrahedral phase of Zn(OH) 2 were not documented, but they are expected to behave in a similar fashion as in Be(OH) 2 . Be ( (1) Be (1)-O(1) 1.604 (7) Be ( 
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The high-pressure γ-polymorph persisted up to at least 30.1(1) GPa, the highest pressure reliably reached in our experiments, although the data collected at this pressure did not have enough completeness for refinement. Unlike for Zn(OH) 2 , no significant changes in the morphology of the crystals were observed, and only a very small volume discontinuity (ΔV = 1 %) accompanied the transition.
Symmetry relations between β-and γ-phases
The reciprocal spaces of the β and γ polymorphs are related according to the equation:
where [hkl] β and [hkl] γ represent reciprocal vectors of the two respective phases.
The two polymorphs can also be considered in terms of space group symmetry relationships. According to the Landau theory, when the crystal structure of a material is altered during a displacive phase transition, the resulting structure is related by symmetry to the original phase by a direct subgroup-supergroup relation (Tolédano and Dmitriev 1996) . In case of the phase transition in behoite, there exists only an indirect supergroup-subgroup relationship between ambient β-behoite and its high-pressure polymorph. Similar indirect symmetry relation was found for α-cristobalite and cristobalite II, and was interpreted in terms of Rigid Unit Mode mechanism characteristic of framework silicates (Dove 1997) . β-behoite has the space group P2 1 2 1 2 1 , with the point group symmetry 222, whereas the high-pressure polymorph has the space group Fdd2 with point group symmetry mm2. The same two space groups were found for ferroelectric and antiferroelectric phases of KD 2 PO 4 (KDP); however, in KDP these polymorphs do not directly transform to each other, but rather are separated by a paraelectric phase. The indirect path through a symmetry tree leading from the low-to the high-pressure space group is shown in Fig. 6 . The transformation involves four intermediate steps. The first of these steps leads to the tetragonal space group of α-cristobalite, P4 1 2 1 2. These two space groups are in a direct translationengleiche type I relation, meaning that the translation vectors and size of the primitive unit cells are unaltered across this change. According to the interpretation of Kusaba et al. (2007) , the first high-pressure phase of Zn(OH) 2 also assumes the tetragonal P4 1 2 1 2 space group, and as such it is also a direct translationengleiche type I relation. The second stage is a symmetry reduction to C222 1 symmetry, known from AlPO 4 -berlinite (Hatch et al. 1994) , which is the only step involving changes in the unit cell vectors. The next three steps involve face-centered symmetries, F222, Fddd, and O1-H1_$1 0.93 (7) O2-H2 0.90(3) O2-H2 0.97 (6) O1-O2_$1 2.861(2) O1-O2_$1 2.86 (2) O2-O1_$2 2.909(2) O2-O1_$2 2.889 (6) O2-O1_$3 2.652(2) O2-O1_$3 2.63(2) UA1_0 UA4 H1-O2 2.08 (2) H1-O2 2.03 (7) H2-O1_$2 2.05(2) H2-O1_$2 2.32 (9) H2-O1_$3 2.67(3) H2-O1_$3 2.22 (9) O1-H1_$1 0.88(2) O1-H1_$1 0.94 (6) O2-H2 0.90(2) O2-H2 0.96 (6) O1-O2_$1 2.861(2) O1-O2_$1 2.79 (2) O2-O1_$2 2.909(2) O2-O1_$2 2.875 (7) O2-O1_$3 2.652(2) O2-O1_$3 2.66(2) UA2 IDD5 H1-O2 2.08 (7) H1-O1 0.86 (5) H2-O1_$2 2.06(5) H1-O1_$1 2.11 (6) H2-O1_$3 2.7(1) O1-O1_$1 2.892 (3) O1-H1_$1 0.93 (7) O2-H2 0.90 (5) O1-O2_$1 2.88 (1) O2-O1_$2 2.908 (5) O2-O1_$3 2.63(1) Table 9 Hydrogen bonding angles (degrees). UA1, UA2, UA4, IDD5 UA1 UA3 O1-H1_$1-O2_$1 148 (3) O1-H1_$1-O2_$1 140 (5) O2-H2-O1_$2 159(3) O2-H2-O1_$2 134 (9) O2-H2-O1_$3 79(2) O2-H2-O1_$3 93(6) UA1_0 UA4 O1-H1_$1-O2_$1 150 (3) O1-H1_$1-O2_$1 137 (5) O2-H2-O1_$2 160(3) O2-H2-O1_$2 116 (8) O2-H2-O1_$3 80(2) O2-H2-O1_$3 106 (6) UA2 IDD5 O1-H1_$1-O2_$1 143 (5) O1-H1-O1_$1 152 (8) O2-H2-O1_$2 157 (6) O2-H2-O1_$3 78 (7) finally, Fdd2. The change from base-centered to facecentered space group is the only klassengleiche type IIa transition within the whole path-the crystal class is unaltered, but symmetry operators change. The Fdd2 space group in a cristobalite-type tetrahedral framework has been seen in Na 2 BeSi 2 O 6 -chkalovite, in which both Si and Be cations occupy the tetrahedral sites (Simonov et al. 1975 
Equation of state
Miletich (2006) determined the PV equation of state for the high-pressure polymorph: with a third-order BM-EOS, he obtained K 0 = 45.6 GPa, K′ = 3.4, and V 0 = 289 Å 3 , whereas second-order fit gave K 0 = 43.7 GPa and approximately the same V 0 (uncertainties were not reported). In the same study, the phase transition point was determined to be between 1.30 and 3.92 GPa based upon X-ray diffraction and Raman spectroscopy measurements. Our highpressure data, without transforming the high-pressure unit cell to the low-pressure setting, produce K 0 = 48(7) GPa, K′ = 5.2(6), and V 0 = 282(3) Å 3 , or K 0 = 49(3) GPa and V 0 = 287(2) Å 3 when K′ is constrained to 4. The normalized stress-Eulerian strain (F N −f E ) analysis shown in Fig. 7 indicates that the third-order Birch-Murnaghan fit is preferred. The results of third-order EOS fit are shown in Fig. 8 . For the low-pressure phase, the four available data points were insufficient to constrain an equation of state fit. The atypical behavior of the unit cell within this lower-pressure region is attributed to the rearrangement and bifurcation of hydrogen bonds before the phase transition. The equation of state data for γ-Be(OH) 2 are consistent with the established behavior of α-cristobalite, with the higher bulk modulus justified by the much smaller ambient unit cell volume. For high-pressure cristobalite II, the bulk modulus (with K′ constrained to 4) is approximately K 0 = 40 GPa, compared to 20 GPa for the ambient α-cristobalite (Miletich 2006; Dera et al. 2011) . There is currently no comparable equation of state for the tetrahedrally coordinated form of zinc hydroxide, although Kusaba and Kikegawa (2008) described the high-pressure, octahedrally coordinated, CdI 2 -like phase of Zn(OH) 2 at 400 °C with a third-order BM-EOS with K 0 = 46.7 GPa and K′ = 8.6.
The linear compressibilities (defined as β l0 = 1/3K l0 ) (Hazen and Downs 2000) for γ-behoite were determined using linearized version of the second-order Birch-Murnaghan equation with unit cell parameters in the setting of the low-pressure phase. The resulting refined linear moduli were K a0 = 60(3) GPa and K c0 = 65(3) GPa. The corresponding axial compressibility ratios of γ-behoite β a0 :β b0 :β c0 are 1.00:1.00:0.92. The results of linear EOS fit can be seen in Fig. 9 . During this transition, the c-axis lengthens, whereas a and b discontinuously shrink. 
Discussion
In order to understand the effect of hydrogen bonds on the transformation mechanism in behoite, it is useful to carefully consider all similarities and differences in the reference series of three isostructural compounds. In this way, it is possible to think of these isostructural compounds as either anhydrous or hydrous structural equivalents with one another.
Among the various polymorphs of SiO 2 , cristobalite is one of the high-temperature phases into which silica melt crystallizes on cooling. The structure of cristobalite is composed of corner-connected SiO 4 tetrahedra that form a three-dimensional modified diamond framework. This framework possesses voids that gradually collapse through tetrahedral rotation, when the crystal is compressed at high pressure (Downs and Palmer 1994; Dove et al. 2000; Dera et al. 2011) . At pressures of about 1.5-1.8 GPa and ambient temperature, α-cristobalite undergoes a displacive phase transition to monoclinic P2 1 /c cristobalite II (Downs and Palmer 1994; Dove et al. 2000; Dera et al. 2011 ). The α-II transformation has been shown to be suppressible with sufficiently rapid pressure increase ). This transformation is also reversible on pressure release, with a very small density change between the phases of ΔV/V o ≤ 0.1 % (Dove et al. 2000; Dera et al. 2011) . Zinc hydroxide has been previously studied at high pressures and temperatures (Kusaba et al. 2007; Kusaba and Kikegawa 2008; Kusaba et al. 2010) . At ambient conditions, Zn(OH) 2 has orthorhombic unit cell parameters with a = 8.471(2) Å, b = 5.140(2) Å, c = 4.903(2) Å, and a unit cell volume of 213.5(1) Å 3 with an average Zn-O bond length of 1.954(4) Å and an average Zn-O-Zn bond angle of 120.8(2) degrees (Stahl et al. 1998) . At these conditions, like Be(OH) 2 , the structure of Zn(OH) 2 follows the P2 1 2 1 2 1 space group (Stahl et al. 1998) . The cationoxygen bond distance within Zn(OH) 2 is much longer than the corresponding average Si-O and Be-O distances in α-cristobalite and Be(OH) 2 , which are only 1.611(1) and 1.632(4) Å, respectively (Downs and Palmer 1994; Stahl et al. 1998) . The disparity in cation-oxygen bond lengths causes a significant difference in the polyhedral volumes; ZnO 4 tetrahedra in wülfingite are approximately 78 and 72 % larger than the SiO 4 and BeO 4 tetrahedra in cristobalite and Be(OH) 2 , respectively. Despite the larger tetrahedra in Zn(OH) 2 , the polyhedral packing efficiencies for Zn(OH) 2 and Be(OH) 2 are similar (0.071(1) and 0.060(1), respectively), where the polyhedral packing efficiency is defined as the ratio of the summed volumes of all the tetrahedra within a unit cell to the unit cell volume. For comparison, the polyhedral packing efficiency in α-cristobalite, where no hydrogen bonds hold the polyhedra close together, is 0.049(1) (Downs and Palmer 1994) .
At approximately 1.1 GPa, Zn(OH) 2 readily adopts a high-pressure phase that is stable until 2.1 GPa, and is accompanied by a 10 % increase in density (Kusaba and Kikegawa 2008; Kusaba et al. 2010) . This phase change is reversible, but exhibits hysteresis upon decompression, with the high-pressure phase reverting to the ambient phase at 0.7 GPa. The high-pressure phase has been suggested to display either the P4 1 2 1 2 or P4 3 2 1 2 space group, where each group is an enantiomer of the other (Kusaba et al. 2007 (Kusaba et al. , 2010 . The phase change is akin to cristobalite, where the transition is accompanied by rotations of rigid tetrahedra within the crystal structure. It is unknown, at this time, if the hydrogen bonds present within Zn(OH) 2 change simultaneously with the rotation of the tetrahedra, or if some degree of bond distortion exists. If Zn(OH) 2 behaves in a fashion similar to other metal hydroxides, such as Ca(OH) 2 , it is likely that simultaneous reconfiguration of the hydrogen atoms with the tetrahedral rotations plays a large role in the rate of transition (Palmer and Finger 1994; Kusaba et al. 2007 ). Above 2.1 GPa, another gradual phase change was also observed in Zn(OH) 2 (Kusaba et al. 2007) , where the structure and behavior of this second high-pressure phase has not yet been determined. Increase in temperature and in pressure past 2.1 GPa elicit more changes in the structure of Zn(OH) 2 : two high temperature-pressure phases were observed by Kusaba and Kikegawa (2008) one with an unsolved orthorhombic structure and the other with a Mg(OH) 2 -like structure.
The P2 1 2 1 2 1 space group of β-behoite is related to α-cristobalite's P4 2 2 1 2 space group by a direct, type I translationengleiche subgroup-supergroup relation, where the same translation vectors are found in both structures (Müller 2006) , as shown in the symmetry tree diagram in Fig. 6 . The Be(OH) 4 polyhedra have geometries very similar to the SiO 4 units in cristobalite. The presence of the hydrogen bonds, however, deforms the voids in the structure and changes the average T-O-T angle to approximately 126°, which accounts for a unit cell volume smaller than α-cristobalite by 14 % (Downs and Palmer 1994; Stahl et al. 1998) .
Similarly to α-cristobalite, β-Be(OH) 2 undergoes a phase transition between 1.7 and 3.6 GPa. This transformation is accompanied by a negligible volume change, in contrast with the 10 % volume discontinuity seen in Zn(OH) 2 . As with α-cristobalite and Zn(OH) 2 , this transition is reversible (Miletich 2006) . Previous high-pressure experiments on Be(OH) 2 were conducted using synthetic β-Be(OH) 2 powders. Miletich studied behoite's compression behavior up to 10.9 GPa in a 4:1 methanol-ethanol pressure medium and observed a phase transition between 1.79 and 3.11 GPa, but did not report the structure of the high-pressure phase (Miletich 2006) .
The β-γ transformation of Be(OH) 2 is both displacive and reversible, with the mechanism involving primarily rotation of rigid Be(OH) 4 tetrahedra. At ambient conditions, the Be(OH) 4 tetrahedra are not lined up with respect to one another, forming a pattern of alternating orientations in the plane perpendicular to the c-axis. When the crystal is compressed, the rigid structural units are forced closer together, causing a realignment and rotation of the tetrahedra, which reduces the inter-polyhedral space, and changes the orientation of the tetrahedra with respect to each other. This is consistent with the mechanism for the pressure-induced response found in the wülfingite and related tectosilicates, where rotation of the SiO 4 tetrahedra accompanies a slight decrease in the Si-O-Si bond angle, with minimal distortion of the tetrahedra (Downs and Palmer 1994; Dove et al. 2000) . The pressure evolution of the unit cell parameters for both β and γ-Be(OH) 2 , normalized to ambient unit cell parameters, is shown in Fig. 9 . Downs and Palmer suggest that the compressibility of α-cristobalite is significantly correlated to the bending of Si-O-Si angles and the shortening of Si-Si distances (Downs and Palmer 1994) . In α-cristobalite, as pressure is exerted on the lattice, the SiO 4 tetrahedra rotate and the chain collapses. The same structural response in behoite is hindered by the connecting hydrogen bonds. The average Be-O-Be angle in behoite changes from 126.4(6)° at 0.53(5) GPa to 126.2(6)° at 1.74 GPa, and 119.4(2)° at 5.3(1) GPa. In cristobalite, the Si-O-Si angle decreases by 6° over a 1.05 GPa range (Downs and Palmer) , whereas the Be-O-Be angle in behoite decreases by approximately 7° over a larger range of 3.56 GPa. The Be-O-Be angles observed in behoite are less compressible than the Si-OSi angles due to the bridging hydroxyl groups in behoite, which add both bulk in terms of atomic repulsion character and rigidity from hydrogen bonding.
Although the above interpretation simply describes the hydrogen bonding behavior of Be(OH) 2 , it does not account for other differences in bonding behavior between behoite and wülfingite. The greater Zn-O bond distance causes the Zn(OH) 4 polyhedra to be much larger than Be(OH) 4 units, despite overall similar hydrogen bond geometry, causing greater framework distortion, as the hydrogen bonds bridge between bulkier tetrahedra. The ambient value of the Zn-O-Zn angle (about 121°) is smaller in comparison with the Be-O-Be inter-tetrahedral angle (about 126°). The bulkier nature of the Zn(OH) 2 structure allows it to become frustrated and energetically unfavorable at much lower pressures than Be(OH) 2 or SiO 2 . This follows a general trend where applied pressure causes an increase in structural distortion within tetrahedra, with structures that have larger cations being comparatively unstable at lower applied pressures (Prewitt and Downs 1998; Haines and Cambon 2004) . For these large-cation tetrahedra, phase transformations to denser forms were observed at lower pressures than with small-cation homeotypes. The largecation compounds are also in general more compressible. Simultaneous increases of pressure and temperature among α-quartz homeotypes add an additional effect, where transitions to denser, octahedrally coordinated phases are observed under 10 GPa for all but the smallest cations, and are predicted to be stable past 80 GPa (Haines and Cambon 2004) .
The trends seen with α-quartz analogs likely explain what has been seen in the hydrated α-cristobalite analogs, given the difference in size between the central beryllium and zinc cations. Additionally, at elevated temperatures, the same transition to sixfold coordinated cation polymorph is seen in zinc hydroxide as in non-hydrated α-quartz analogs. γ-behoite's stability up to 30 GPa also mirrors what is seen in small cation α-quartz analogs. It is unclear at this time what role hydrogen bonding plays in fostering or inhibiting the phase transitions from fourfold to sixfold coordinated polyhedra. Haines and Cambon (2004) describe phase transformations from four-coordinated to six-coordinated polyhedra in anhydrous α-quartz homeotypes that may involve metastable or amorphous intermediates. This seems to be the case with zinc hydroxide, although the hydrogen bonds may prolong the stability of this intermediate phase, observed between 1.1 and 2.1 GPa. Further exploration of Zn(OH) 2 's phase transition behavior is needed to better describe its hydrogen bonding and phase behavior, particularly the large volume discontinuity accompanying its first phase transition. The stability range of behoite's high-pressure polymorph also needs to be further explored, including the high-temperature regime, up to the point of dehydration.
Conclusions
The pressure-induced phase transition behavior of behoite mirrors that of α-cristobalite in several ways: both have reversible phase transitions at similar pressure conditions, where the rotation of the structural tetrahedra and angle reduction between tetrahedral elements is directly responsible for the changes in symmetry and unit cell dimensions. The key difference is the hydrogen bonding in behoite, which accounts for additional structural rigidity and resistance against tetrahedral rotation. Significant rearrangements and strain on the hydrogen bonds are apparent on compression within the β-phase stability range, leading to hydrogen bond bifurcation. The β-γ phase transition relaxes the strained hydrogen bonds through discontinuous rotation of one of the protons toward a new acceptor. Upon compression to higher pressures, it is anticipated that this H1···O2 bond will eventually break and recoordinate, potentially allowing further structural changes if the hydrogen bond influence is lessened. It remains to be seen if this alteration of the hydrogen bonding occurs at a point similar to the cristobalite II-XI transition, or if the hydrogen bonds cause behoite to deviate away from cristobalite's general compressional behavior and follow the path of the Mg(OH) 2 -like structures, as seen with the high-pressure, high-temperature behavior of zinc hydroxide. Additional comparison with zinc hydroxide, including bond angles and bond lengths, would better establish the predictability of hydrogen bonding behavior in cristobalite-like metal hydroxides.
Similarities in the general trends of high-pressure behavior of anhydrous silica and its fully hydroxylated isotypes are quite apparent in the analogous compression mechanisms, dominated by the rigid unit rotation. On the other hand, the effects of a fully populated network of hydrogen bonds in the hydroxides on guiding the polyhedral framework deformation are rather profound and lead to high-pressure polymorphs preserving the tetrahedral framework connection topology, but accommodating distinctly different symmetries, compared to anhydrous silica. From this perspective, using the knowledge about the behavior of fully hydroxylated compounds to model the effects of minute amount of hydroxyl defects in nominally anhydrous analog phases, relevant to deep Earth environments may not be particularly feasible (in nominal anhydrous phases the sparse hydrogen bonds will not be the dominating interaction). On the other hand, there are known and important cases of anhydrous-plus-fully-hydroxylated-analog systems where both the anhydrous and the hydroxide components may have geologic relevance. A good example of this relation is the stishovite-SiO 2 , δ-AlOOH, phase-H-MgSiO 2 (OH) 2 system (Schmidt et al. 1998; Tsuchiya 2013) . All three compounds crystallize in lower-pressurerutile, higher-pressure-CaCl 2 -type topologies, sharing the common structural motifs (Wicks and Duffy 2015) . Each of these minerals exhibit the required structural stability to potentially be present in the Earth lower mantle (Tsuchiya 2013; Bindi et al. 2014) , though the rationale for their occurrence depends on the hydration level as a function of depth. Understanding the consequences of the presence or absence of hydrogen bonds on physical properties and phase equilibria in these analog phases may prove useful in geophysical modeling of the lower mantle, and from this perspective, the comparative analysis of the cristobaliteBe(OH) 2 -Zn(OH) 2 system helps to understand the general relations between such dry-and-wet analogs.
